Abstract Vibrio anguillarum is a marine pathogen that causes vibriosis, a hemorrhagic septicemia in aquatic invertebrate as well as vertebrate animals. The siderophore anguibactin system is one of the most important virulence factors of this bacterium. Most of the anguibactin biosynthesis and transport genes are located in the 65-kb pJM1 virulence plasmid although some of them are found in the chromosome of this fish pathogen. Over 30 years of research unveiled the role numerous chromosomal and pJM1 genes play in the synthesis of anguibactin and the transport of cognate ferric complexes into the bacterial cell. Furthermore, these studies showed that pJM1-carrying strains might be originated from pJM1-less strains producing the chromosome-mediated siderophore vanchrobactin.
Introduction
Anguibactin is a siderophore found in the pathogen Vibrio anguillarum that causes hemorrhagic septicemia, vibriosis, to aquatic vertebrates and invertebrates.
This siderophore was originally identified as an essential virulence factor of the V. anguillarum strain 775(pJM1) (Crosa 1980) . The structure of anguibactin, which was determined as a x-N-hydroxy-x-N-[[2 0 -(2 00 ,3 00 -dihydroxyphenyl)thiazolin-4 0 -yl]carboxy] histamine molecule (Jalal et al. 1989) , is unique since it contains catecholate and hydroxamate metal-chelating functional groups (Fig. 1a) . Another unique property of the V. anguillarum anguibactin system is that the majority of genes involved in anguibactin biosynthesis and transport are encoded on the 65-kb pJM1 plasmid (Di Lorenzo et al. 2003) . After the initial discovery of the correlation between the pJM1 plasmid and the production and utilization of anguibactin, many genes related to these processes have been characterized in Jorge Crosa's laboratory as well as by international scientists to unveil this unique system. In this review, we describe our current knowledge of the pJM1 plasmid and mechanisms of anguibactin biosynthesis as well as ferri-anguibactin uptake. Furthermore, we discuss our hypothesis about the evolution of the anguibactin system present and expressed in V. anguillarum and V. harveyi.
Plasmid-encoded anguibactin system in V. anguillarum
Anguibactin production and serotypes
Vibrio anguillarum has been divided into 23 distinct serotypes (O1-O23) by O serotyping (Grisez and Ollevier 1995; Pedersen et al. 1999; Sorensen and Larsen 1986 ). Of those, serotype O1, O2 and O3 strains have been recognized as etiological agents of fish vibriosis, while the rest of serotype strains are ubiquitously found in aquatic environments (Larsen et al. 1994; Silva-Rubio et al. 2008; Sorensen and Larsen 1986; Tiainen et al. 1997; Toranzo and Barja 1990) . The pJM1-type plasmids have been only isolated from O1 serotype strains, and anguibactin is a sole siderophore for pJM1-carrying strains (Conchas et al. 1991; Lemos et al. 1988) . It has been reported that pJM1-less serotype O1 strains and serotype O2 strains produce a chromosome-encoded siderophore, vanchrobactin (Balado et al. , 2008 Naka et al. 2008; Soengas et al. 2006) (Fig. 1a) . Furthermore, it appears that serotypes O3-O10 strains carry the genes involved in vanchrobactin biosynthesis and transport (Balado et al. 2009 ). Some serotype O2 strains carry some homologues of ferric-anguibactin uptake genes, however they are not active due to a transposon insertion (Balado et al. 2009 ). The correlation between V. anguillarum serotypes and the presence of the pJM1 plasmid is possibly due to the O1 side chain that is essential for the stability of the outer membrane ferricanguibactin receptor FatA (Welch and Crosa 2005) . However, FatA was stably detected in an O2 serotype strain when the pJM1 plasmid was artificially conjugated, indicating that FatA is also maintained in serotype O2 strains . Further studies are required to elucidate the mechanisms by which pJM1-type plasmids are only found in serotype O1 strains.
General features of the pJM1-type plasmids
The complete nucleotide sequences of the pJM1-type plasmids have been determined in two plasmids, the 65,009-bp pJM1 plasmid from V. anguillarum 775(pJM1) (Di Lorenzo et al. 2003) (Fig. 1b) and the 66,164-bp pEIB1 extrachromosomal element from V. anguillarum MVM425 . Although there are some differences between these two plasmids, all anguibactin biosynthesis and transportrelated genes are highly homologous except that the pJM1 angN gene is annotated as two ORFs (orf27 and orf28) in pEIB1 ). There are two replication origins identified in the pJM1 plasmid. One of them, ori1, can replicate in both E. coli and vibrios, while the other, ori2, is only able to replicate in V. anguillarum . There are two wellcharacterized anguibactin-related loci in the pJM1 plasmid. One of them is the iron transport and biosynthesis operon (ITBO) composed of anguibactin biosynthesis and ferric-anguibactin transport genes, fatD, fatC, fatB, fatA, angR and angT (Di Lorenzo et al. 2003) (Fig. 1b) . The expression of ITBO is upregulated under iron-limiting conditions in a Furdependent manner (Chai et al. 1998; Tolmasky et al. 1994) . The N-terminus of AngR also activates the expression of this operon Salinas et al. 1989; Wertheimer et al. 1999) . Furthermore, two antisense RNAs (RNAa and RNAb) encoded on the opposite strand of ITBO are involved in the regulation of this operon. RNAa, encoded on the opposite strand of the fatB gene, represses the expression of fatA and fatB under iron-rich conditions Salinas et al. 1993; Waldbeser et al. 1993; Waldbeser et al. 1995) . On the other hand, RNAb, that spans the intergenic region between fatA and angR, terminates the majority of the ITBO transcript between fatA and angR (Salinas and Crosa 1995; Stork et al. 2007b ). This termination event causes a higher expression level of fatDCBA mRNA than the entire fatDCBAangRT mRNA. The other well-characterized locus in the pJM1 plasmid is the trans-acting factor (TAF) consisting of TAFb and TAFr regions (Welch et al. 2000) . TAFb contains anguibactin biosynthesis genes such as angC, angE, angB/G and angD as well as a ferric-anguibactin transport gene fatE, whereas TAFr was shown to enhance the expression of ITBO, although the regulation mechanisms are still unknown (Salinas et al. 1989; Tolmasky et al. 1988; Welch et al. 2000) .
Anguibactin biosynthesis
In V. anguillarum, many proteins are involved in anguibactin biosynthesis. The majority of them are encoded on the pJM1 plasmid (Ang) while some of them are coded by Vab genes located on the chromosome (Fig. 1b) . 2,3-Dihydroxybenzoic acid (DHBA), a precursor of anguibactin, is synthesized by pJM1-encoded proteins, AngB/G (isochorismate lyase), AngC (putative isochorismate synthase) and AngE (2,3-dihydroxybenzoate-AMP ligase)] as well as by chromosome-encoded VabA (putative 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase). Furthermore, it has been demonstrated that chromosome-encoded proteins VabB, VabC and VabE are functional homologues of pJM1-encoded AngB/G, AngC and AngE, respectively (Alice et al. 2005; Di Lorenzo et al. 2011; Naka et al. 2008; Welch et al. 2000) (Fig. 1b) . AngB/G, AngE, AngM, AngN and AngR are non-ribosomal peptide synthases (NRPSs), and each protein provides domain(s) for anguibactin biosynthesis ( Welch et al. 2000) . The A domain of AngR is essential for anguibactin biosynthesis, and it is likely involved in the activation of cysteine (Wertheimer et al. 1999) . Although AngR additionally possesses PCP and cyclization (Cy) domains, these domains are not functional since an essential serine is replaced by alanine in the PCP domain while the essential first aspartic acid is replaced by asparagine in the Cy domain (Crosa and Walsh 2002) . AngM contains the PCP domain that could tether the activated cysteine, and the condensation (C) domain that possibly catalyzes peptide bond formation between DHBA (from AngB) and cysteine (from AngM) (Di . AngN harbors two Cy domains (Cy1 and Cy2) and either Cy domains could condense and cyclize the DHBA and cysteine to form thiazoline (Di Lorenzo et al. 2008) . AngH (histidine decarboxylase) and possibly AngU (putative monooxygenase) are involved in the modification of histidine into N-hydroxyhistamine . In the final step of anguibactin biosynthesis, the C domain of AngM, one of the Cy domains of AngN, or a nucleophilic attack by hydroxylamine could be involved in the attachment of N-hydroxy histamine to the dihydroxyphenyl-thiazoline-thioester resulting from DHBA/cysteine condensation/cyclization. In this final step, the thioesterase (TE) domain of AngT could play a role in releasing anguibactin from AngM. However, the mutation in the angT gene did not completely abolish anguibactin production; it caused a 17-fold decrease in the production of this siderophore (Wertheimer et al. 1999) . This observation suggests that AngT is not essential in this step or some chromosome-encoded protein harboring a TE domain might compensate this mutation.
Ferric-angubactin transport
An active transport system is required to take up ferricanguibactin from external environments into the V. anguillarum cytosol. To reach the cytosol, ferricanguibactin needs to pass two biological barriers, the outer membrane and the cytoplasmic or inner membrane of this pathogen. At first, ferric-anguibactin is transported into the periplasmic space via the outer membrane ferric-anguibactin specific receptor FatA (Actis et al. 1985; . During this process, as shown in many other Gram-negative bacteria, a TonB system is required to transmit energy generated by the cytoplasmic membrane proton motive force to the outer membrane receptor proteins (Krewulak and Vogel 2011; Noinaj et al. 2010; Postle and Larsen 2007) . The TonB system proteins consist of TonB, ExbB and ExbD that anchor this protein complex in the inner membrane. In V. anguillarum two TonB systems, TonB1 and TonB2, have been identified. The TonB2 system is involved in the ferric-anguibactin transport and thus essential for the virulence of V. anguillarum ). In addition to the typical TonB system proteins, TonB2, ExbB2 and ExbD2, a forth protein, named TtpC, was found to be essential for ferric-siderophore transport via the TonB2 system in V. anguillarum (Stork et al. 2007a) . The TtpC protein is distributed in all Vibrio and aquatic bacteria, and it has been shown to be indispensable for TonB2 system-mediated ferric-siderophore transport in various Vibrio species Crosa 2009, 2010; Kustusch et al. 2011 Kustusch et al. , 2012 Stork et al. 2007a ). In the periplasmic space, ferricanguibactin is bound to the periplasmic-binding protein FatB anchored in the cytoplasmic membrane . The FatB protein seems to shuttle the ferric-anguibactin to the inner membrane permeases that consist of a heterodimer of FatC and FatD Koster et al. 1991; Naka et al. 2010 ). FatB, FatC and FatD are essential for ferric-anguibactin uptake Naka et al. 2010) . Besides FatBCD which are considered part of an ATPbinding cassette (ABC) transporter, another component of the ABC transporter encoding ATPases has been recently characterized. We identified two genes, fatE and fvtE, encoding ATPases involved in ferricanguibactin transport (Naka et al. 2013a) . The fatE gene is in the pJM1 plasmid, while fvtE is located on the small chromosome (chromosome 2) of V.
anguillarum (Naka et al. 2011) . Further analysis unveiled that fvtE is part of a chromosome cluster coding for ABC siderophore transport functions including FvtB, FvtC and FvtD, which that are homologues of FatB, FatC and FatD, respectively (Naka et al. 2011 (Naka et al. , 2013a . Moreover, genetic experiments demonstrated that fvtB, fvtC and fvtD are specifically responsible for ferric-vanchrobacin/enterobactin transport but not ferric-anguibactin. On the other hand, both FatE and FvtE are functional for ferric-anguibactin transport while only FvtE works for ferric-vanchrobactin/enterobactin transport (Naka et al. 2013a) . Taken together, the pJM1-encoded ABC transporter FatDCB-FatE and the chromosomeencoded ABC transporter FvtBDCE are specialized for ferric-anguibactin and ferric-vanchrobactin/enterobactin transport, respectively with the exception of FvtE, which is also functional for ferric-anguibactin transport. Our model of ferric-anguibactin transport in V. anguillarum is summarized in Fig. 3 .
The pJM1-mediated anguibactin producer strain was originated from a chromosome-mediated vanchrobactin producer in V. anguillarum ancestor As described above, some of anguibactin biosynthesis genes (vab) are located on the chromosome of V. anguillarum 775 (pJM1), a serotype O1 strain carrying the pJM1 plasmid (Alice et al. 2005; Naka et al. 2008 ).
Further analysis revealed that this locus is comprised of the entire vanchrobactin biosynthesis and transport genes found in serotype O1 (pJM1-less) and O2 vanchrobactin producer strains . Nonetheless, V. anguillarum 775(pJM1) does not produce vanchrobactin because one of the vanchrobactin biosynthesis genes, vabF, is interrupted by a transposon that is identical to the transposon found in the pJM1 plasmid. The removal of the transposon from the vabF gene restored the production of vanchrobactin in addition to anguibactin. However, although biochemical assays could detect vanchrobactin anguibactin transport, while the Fvt ABC transporter consists of the periplasmic binding protein FvtB, inner membrane proteins FvtC and FvtD and the ATPase FvtE, functional for ferric-vanchrobactin/enterobactin transport. FvtE can also work for ferric-anguibactin transport. The TonB2 system consisting of TonB2, ExbB2, ExbD2 and TtpC is essential for both ferricanguibactin and ferric-vanchrobactin/enterobactin transport production, biological assays did not detect vanchrobactin from the strain, possibly due to that the higher iron chelating capacity of anguibactin when compared to that of vanchrobactin . Thus, vanchrobactin is not functional as a siderophore in the strain that produces both anguibactin and vanchrobactin. Furthermore, the interruption of the vabF gene by the transposon is commonly found in the pJM1-type plasmid carrying serotype O1 strains isolated from different geographical regions. Based on these facts, we hypothesized that the serotype O1 pJM1-type plasmid-carrying strain was originated from the nonpJM1 strains that produce vanchrobactin. When the strains acquired the pJM1-type plasmid, the vabF was inactivated by the insertion of the transposon originated from the pJM1-type plasmid and thus the bacteria shut off vanchrobactin production . Possible remnants of the anguibactin system acquisition event were also found in serotype O2 strains. The fatA and fatD homologues were distributed in some of serotype O2a strains without carrying pJM1-type plasmids, although these strains did not harbor the anguibactin biosynthesis gene angR (Bay et al. 2007) . Furthermore, the serotype O2b strain RV22 was showed to carry also the homologues of fatDCBA and some other genes in pJM1, even though these genes were not functional due to a transposon insertion in fatD (Balado et al. 2009 ). From these results, it is possible to speculate that not only serotype O1 but also O2 strains acquired the pJM1-like plasmids during evolution, however the entire plasmid only stayed in O1 serotype strains.
Chromosome-encoded anguibactin system in V. harveyi
In addition to the plasmid-encoded anguibactin system described in V. anguillarum, we recently found a functional chromosome-encoded anguibactin system in V. harveyi. V. harveyi is a marine bacterium as well, and some of the strains are pathogens that mainly affect the shrimp aquaculture industry. Two sequenced strains of V. harveyi, BAA-1116 and HY01, carry a gene cluster containing homologues of the majority of anguibactin biosynthesis and transport genes found in the pJM1 g n a a n g C a n g E a n g B /G fa tE a n g D plasmid of V. anguillarum (Naka et al. 2013b) (Fig. 4) . The gene organization of the V. harveyi anguibactin cluster is closely related to the V. anguillarum anguibactin cluster in the pJM1 plasmid. However, V. harveyi DHBA biosynthesis genes are found on a different chromosomal location and it appears that they are part of a gene cluster potentially involved in the biosynthesis and transport of an uncharacterized siderophore. We have shown that the V. haveyi angR gene is required for anguibactin biosynthesis and growth under iron-limiting conditions. Furthermore, the V. harveyi FatA ortholog is also an outer membrane protein indispensable for ferricanguibactin transport. These two sequenced V. harveyi strains, BAA-1116 and HY01, have been proposed to be classified as V. campbellii by microarray-based comparative genomic hybridization (CGH) and multilocus sequence analyses (MLSA) (Lin et al. 2010) . We also demonstrated that V. campbellii but not V. harveyi, as classified by CGH and MLSA, produces anguibactin by specific bioassay (Naka et al. 2013b ). Furthermore, it was also reported that V. campbellii DS40M4 produces anguibactin, and the anguibactin cluster was found in its draft genome sequence Sandy et al. 2010) . Recently, further draft genome sequences of V. harveyi [CAIM 1792 (accession number AHHQ00000000)] and V. campbellii [PEL22A (Accession number AHYY00000000) and AND4 (accession number ABGR00000000)] in which the exact taxonomic position was determined based on genomic data, are available in public databases (Amaral et al. 2012; Espinoza-Valles et al. 2012; Lin et al. 2010) . Analysis of these draft sequences show that V. campbellii PEL22A and AND4 strains harbor the anguibactin cluster while V. harveyi CAIM 1792 does not contain the anguibactin cluster supporting our speculation that V. campbellii instead of V. harveyi harbors the anguibactin system.
Conclusion
The pJM1-encoded anguibactin system of V. anguillarum serotype O1 strains is one of the best-characterized siderophore systems in Gram-negative bacteria. This unique system encoded on a plasmid and associated with virulence provides an important model to understand the mechanisms of siderophore biosynthesis and transport as well as its association with bacterial virulence. The majority of genes responsible for anguibactin biosynthesis and transport have been identified and genetically and/or biochemically characterized. We hypothesize that the pJM1-encoded anguibactin system probably originated from a V. harveyi strain harboring a chromosome-mediated anguibactin system that might have being acquired by a V. anguillarum pJM1-less strain, which produces the chromosome-mediated vanchrobactin, causing a disruption of a vanchrobactin gene to avoid the competition between these two siderophores (Fig. 5) . Recent rapid advance in nucleotide sequencing technology has been providing us more access to microbial genome sequence data. Analyzing these genome data will enhance our understanding of distribution and evolution of the anguibactin system in bacteria that thrive in the aquatic environment.
